Context. The first observational evidence of a connection between supernovae (SNe) and gamma-ray bursts (GRBs) was found about a decade ago. Since then, only half a dozen spectroscopically confirmed associations have been discovered and XRF 100316D associated with the type-Ic SN 2010bh is among the latest. Aims. We constrain the progenitor radius, the host-galaxy extinction, and the physical parameters of the explosion of XRF 100316D/SN 2010bh at z = 0.059. We study the SN brightness and colours in the context of GRB-SNe. Methods. We began observations with the Gamma-Ray burst Optical and Near-infrared Detector (GROND) 12 hours after the GRB trigger and continued until 80 days after the burst. GROND provided excellent photometric data in six filter bands covering a wavelength range from approximately 350 to 1800 nm, significantly expanding the pre-existing data set for this event. Combining GROND and Swift data, the early broad-band spectral energy distribution (SED) is modelled with a blackbody and afterglow component attenuated by dust and gas absorption. The temperature and radius evolution of the thermal component are analysed and combined with earlier measurements available from the literature. Templates of SN 1998bw are fitted to the SN itself to directly compare the lightcurve properties. Finally, a two-component parametrised model is fitted to the quasi-bolometric light curve, which delivers physical parameters of the explosion. Results. The best-fit models to the broad-band SEDs imply moderate reddening along the line of sight through the host galaxy (A V,host = 1.2 ± 0.1 mag). Furthermore, the parameters of the blackbody component reveal a cooling envelope at an apparent initial radius of 7 × 10 11 cm, which is compatible with a dense wind surrounding a Wolf-Rayet star. A multicolour comparison shows that SN 2010bh is 60 -70% as bright as SN 1998bw. Reaching maximum brightness at 8 -9 days after the burst in the blue bands, SN 2010bh proves to be the most rapidly evolving GRB-SNe to date. Modelling of the quasi-bolometric light curve yields M Ni = 0.21 ± 0.03M ⊙ and M ej = 2.6 ± 0.2M ⊙ , typical of values within the GRB-SN population. The kinetic energy is E k = (2.4 ± 0.7) × 10 52 erg, which is making this SN the second most energetic GRB-SN after SN 1998bw. Conclusions. This supernova has one of the earliest peaks ever recorded and thereafter fades more rapidly than other GRB-SNe, hypernovae, or typical type-Ic SNe. This could be explained by a thin envelope expanding at very high velocities, which is therefore unable to retain the γ-rays that would prolong the duration of the SN event.
Introduction
The core collapse of massive stars is thought to give rise to supernovae (SNe) and long-duration gamma-ray bursts (GRBs, durations larger than 2 s; Kouveliotou et al. 1993) . The first clue to the connection between these events is the similarity in their kinetic-energy scale (see Woosley & Bloom 2006 for a review). Even before the discoveries of the late 90's, a few authors discussed the possible association between high-energy outbursts and SNe (Colgate 1968; Paczyński 1986 ). In theory, the collapsing core of a very massive star, whose envelope has been blown away by its own stellar winds, i.e., a Wolf-Rayet (WR) star, can lead to the formation of a relativistic jet that will produce high-energy emission (Woosley 1993; Woosley & MacFadyen 1999) in the form of a GRB or an X-ray flash (XRF, softer events thought to be mainly produced by the same mechanism as GRBs; Kippen et al. 2004; Sakamoto et al. 2005; Heise & in 't Zand 2001) . When the jet collides with the circumstellar material, it produces a multi-wavelength afterglow (for a review, see Zhang & Mészáros 2004) . Theoretically, the energy of the core collapse should also be capable of expanding the remaining envelope. However, it is unclear how this can happen, or even if there is always enough energy for a SN ex-plosion. The kind of SN thought to be associated with GRBs are those called stripped-envelope (SE) SNe, whose hydrogen envelope have mostly been removed. Events such as these are unusually energetic stellar explosions and sometimes labelled "hypernovae" in the literature (e.g., Paczyński 1998; Hansen 1999) .
To date, only type-Ic SNe have been related to GRBs. The first and most representative case was that of SN 1998bw, which was found to be associated with the soft GRB 980425 (e.g., Galama et al. 1998b; Kippen et al. 1998) . A couple of days after the trigger, SN 1998bw was discovered (Galama et al. 1998a; Sadler et al. 1998 ) inside the 8 ′ error circle of GRB 980425 (Soffitta et al. 1998) in the underluminous late-type galaxy ESO184-G82 (z = 0.0085; Tinney et al. 1998) . Although initially controversial (Galama et al. 1998b; Pian et al. 1998) , the physical association between these objects was supported on temporal and spatial grounds by the slowly variable X-ray source at the position of the SN (Pian et al. 2000; Kouveliotou et al. 2004) . As a result of this connection, both the GRB and SN research fields, which until then had both evolved more or less independently, were revolutionised by a single event.
Five years after SN 1998bw, the association between GRB 030329 and SN 2003dh came to light through a clear spectroscopic identification (Hjorth et al. 2003; Kawabata et al. 2003; Stanek et al. 2003; Matheson et al. 2003) and became the first truly solid piece of evidence in favour of the GRB-SN connection. Moreover, after 1998 there have been many other spectroscopic associations, such as the cases of GRBs 021211 (SN 2002lt; Della Valle et al. 2003) , 020903 (Soderberg et al. 2005; Bersier et al. 2006) , 031203 (SN 2003lw; Malesani et al. 2004 ), 050525A (SN 2005nc; Della Valle et al. 2006b ), 060218 (SN 2006aj; Pian et al. 2006) , 081007 (SN 2008hw; Della Valle et al. 2008) , 091127 (SN 2009nz; Berger et al. 2011; Cobb et al. 2010; Filgas et al. 2011) , and 101219B (SN 2010ma; Sparre et al. 2011 ) based on hypernova features in their spectra.
Furthermore, late-time bumps in the light curves of GRB afterglows have been interpreted as SN signals, e.g., GRBs 970228 (Reichart 1999; Galama et al. 2000; Reichart et al. 2000) , 980326 (Castro-Tirado & Gorosabel 1999; Bloom et al. 1999) , 011121 (Bloom et al. 2002; Greiner et al. 2003) , 020405 (Price et al. 2003; Masetti et al. 2003) , 040924 (Soderberg et al. 2006; Wiersema et al. 2008) , 041006 (Stanek et al. 2005; Soderberg et al. 2006) , 050824 (Sollerman et al. 2007 ), 060729, and 090618 (both in Cano et al. 2011a) to mention a few. These bumps show consistency in terms of colour, timing, and brightness with those expected for the GRB-SN population, but they are usually faint, which hampers the spectroscopic identification. These re-brightenings have been detected in GRB light curves out to redshifts of ∼ 1 (Masetti et al. 2005; Della Valle et al. 2003; Bloom et al. 2009; Tanvir et al. 2010) owing to the sensitivity of current ground-based telescopes dedicated to follow-up observations. Sample studies of GRB-SNe (including bumps not spectroscopically identified) have been carried out to determine the luminosity distribution, the morphology of the light curves, and the physical parameters of the explosion such as kinetic energy, ejected mass, and 56 Ni mass (Zeh et al. 2004; Ferrero et al. 2006; Richardson 2009; Thöne et al. 2011) . It has been asserted that GRB-SNe are in general brighter than the local sample of SE SNe, except for cases such as SN 2010ay (Sanders et al. 2011) .
In contrast to the claims of Stanek et al. (2005) , no correlation has been found between the brightness at maximum with the shape of the light curve (Ferrero et al. 2006) .
Additional information about the explosion can be obtained from its early emission. One particular case is that of the soft XRF 060218 associated with SN 2006aj (Campana et al. 2006; Pian et al. 2006; Ferrero et al. 2006; Cobb et al. 2006; Modjaz et al. 2006; Sollerman et al. 2006; Mirabal et al. 2006 ). This displayed an early X-ray and UV emission, which was interpreted as thermal radiation produced by the shock breakout from the surface of the progenitor (Colgate 1974; Falk 1978; Klein & Chevalier 1978; Matzner & McKee 1999; Waxman et al. 2007; Nakar & Sari 2010 ). The envelope is heated up and owing to expansion it starts to adiabatically cool, which then shifts the emission to UV and optical wavelengths. From the analysis of this a signal, it is possible to constrain the afterglow component, derive both the temperature and luminosity of the thermal component, and compute the apparent radius of emission (e.g., Thöne et al. 2011) . Other examples include SNe without detectable γ-ray emission that nevertheless exhibit adiabatic cooling in the UV/optical and/or X-ray observations: SN 2008D (Soderberg et al. 2008; Malesani et al. 2009; Modjaz et al. 2009; Mazzali et al. 2008 ), SN 2008ax (Roming et al. 2009 ), SNLS-04D2dc (Schawinski et al. 2008) , and SN 2010aq (Gezari et al. 2010) , to mention a few. As additional information, it has been claimed that high-energy emission in GRB-SNe comes from accelerated shock-breakout photons rather than highly relativistic jets (Wang et al. 2007 ).
Whilst no SN signature is expected for short GRBs, which are thought to be produced by the mergers of compact objects (for deep non-detections, see the cases of GRB 050509B in Hjorth et al. 2005a , and GRB 050709 in Fox et al. 2005 and Hjorth et al. 2005b , there are a few supposedly long events where an expected SN appearance was never detected. In the cases of GRBs 060505 Ofek et al. 2007 ) and 060614 Gal-Yam et al. 2006; Della Valle et al. 2006a) , there are very tight constraints on the SN signature, which go down to 1% as bright as SN 1998bw. The validity of the non-detections of SNe components for these two GRBs as a classification tool is a point of controversy (e.g., Zhang et al. 2009 ). We refer to Kann et al. (2011) for an exhaustive discussion on GRBs 060505 and 060614, in the light of the optical luminosity of their afterglows.
We analysed the optical and near-infrared (NIR) data of XRF 100316D and its associated SN 2010bh. The paper is organised by summarising the observations, data acquisition, reduction, and analysis in Sect. 2. The main results are treated separately as three different sections. The modelling of the early broad-band spectral energy distribution (SED) provides the progenitor radius and the host-galaxy extinction and is presented in Sect. 3. The multi-wavelength light and colour curves are analysed in Sect. 4 along with comparisons with previous GRB-SN events. In Sect. 5, the quasi-bolometric light curve is analysed and the physical parameters of the explosion are derived. Finally we gather our conclusions in Sect. 6. ′′ × 13 ′′ in size. The HST image shows significant galaxy structure near the explosion site (marked with two lines), which is blended with the object of interest in the GROND image shown in the middle panel. GROND images in the middle and right panels are shown using the same flux scale.
Observations
Gamma-ray emission from XRF 100316D triggered the Burst Alert Telescope (BAT; Barthelmy et al. 2005 ) on board the Swift satellite (Gehrels et al. 2004 ) on March 16, 2010, at t 0 = 12:44:50 UT . It turned out to show a soft γ-ray spectrum (Sakamoto et al. 2010 ) and a duration of at least 1300 s, one of the longest ever measured (Fan et al. 2011; Starling et al. 2011) . About 15 h thereafter, a spectroscopic redshift of 0.059 was published for the host galaxy (Vergani et al. 2010a,b) . Observations of the Gamma-Ray burst Optical and Near-infrared Detector (GROND; Greiner et al. 2007 Greiner et al. , 2008 confirmed that the new source became evident about 16 h after the burst (Afonso et al. 2010) . The rising of the supernova was verified photometrically by Wiersema et al. (2010) only three days after the trigger. The spectroscopic confirmation of Chornock et al. (2010b) came approximately six days after the burst, which was confirmed two days later by Bufano et al. (2010a) . The SN was officially named SN 2010dh eight days after the trigger (Bufano et al. 2010b; Chornock et al. 2010c ). On March 26, 2010, additional GROND observations of SN 2010bh were reported along with results at the first attempts of hostgalaxy subtraction (Rau et al. 2010 ).
GROND
The multi-channel imager GROND (Greiner et al. 2007 , mounted at the MPG/ESO 2.2m telescope on La Silla, Chile, started observations of XRF 100316D 11.7 h after the trigger,
with an average seeing of 1 . ′′ 1, as soon as the astronomical night began.
The GROND data were reduced using standard pyraf/IRAF 1 tasks (Tody 1993) , similar to the procedure described in detail by Krühler et al. (2008) . A general point-spread function (PSF) model was constructed using bright field stars, from which the full width at half maximum (FWHM) was derived for each image. Aperture photometry was performed for science and calibration objects using an aperture size equal to the FWHM. Table A .2 of the online material.
Swift/XRT and UVOT
On board the Swift satellite, the X-Ray Telescope (XRT; Burrows et al. 2005 ) and the UVOT (Roming et al. 2005 ) started observations of XRF 100316D at t 0 + 2.4 min . Whilst a bright X-ray source was detected inside the BAT error circle, initially no afterglow candidate was found by UVOT (Oates et al. 2010) .
However, in deeper images taken at t 0 + 33 ks in the uvw1 filter and at t 0 + 63 ks in the u band, we found evidence of emission in excess of the host-galaxy contribution. To remove the contribution from the host galaxy, we requested ToO observations in the uvw1 and u filters, which were taken at t 0 + 3 × 10 7 s (347 d after the burst), and amounted to a total exposure time of 1525 and 1369 s, respectively. We measured a host galaxy contribution within the source aperture of 25 ± 2 and 39 ± 3 µJy in the uvw1 and u bands, respectively. Subtracting this contribution from our earlier-time data gave us a 3σ detection in 1894 s of uvw1-and in 4901 s of u-band data taken at mid-times of t 0 + 33 ks and t 0 + 63 ks respectively. In our analysis, we include only the uvw1 detection at t 0 + 33 ks, since there were no GROND data contemporaneous with the epoch of our u-band detection. All UVOT data were reduced following the procedure described in Poole et al. (2008) . To minimise the contamination from the underlying host galaxy, the source flux was measured within a circular source-extraction region of a 3 .
′′ 5 radius. An aperture correction was then applied in order to remain compatible with the UVOT effective area calibrations, which are based on 5 ′′ aperture photometry (Poole et al. 2008) . The background was taken from a source-free region with a 15" radius close to our source.
The relatively bright X-ray afterglow (30 -40 cnt s −1 between 144 and 737 s after the trigger) faded considerably at the beginning of the second XRT epoch (t 0 +33 ks; see Starling et al. 2011 , for a detailed analysis). In the subsequent analysis, we employed XRT data at stages contemporaneous to GROND observations, specifically in the interval from 33 to 508 ks after the burst. These data were obtained from the public Swift archive and reduced in the standard manner using the xrtpipeline task from the HEAsoft package, with response matrices from the most recent CALDB release. All data were obtained in photon counting mode and downloaded from the XRT light curve repository (Evans et al. 2007 (Evans et al. , 2009 ). Spectra were grouped using the grppha task.
All the data discussed throughout the paper were corrected for the Galactic-foreground extinction of E(B − V ) Gal = 0.117 mag with R V = 3.08 (Schlegel et al. 1998) . All uncertainties in the following analysis are quoted at the 1σ confidence level.
Early broad-band SED
Using data between 33 and 54 ks (roughly from 11 to 15 h) after the burst, we compiled two early broad-band SEDs of XRF 100316D. GROND provides detections in g ′ r ′ i ′ z ′ J and upper limits in HK s , whilst the count rate of contemporaneous Swift/XRT observations is already 0.01 cnt s −1 at t 0 + 33 ks and decaying. After combining data from 33 to 508 ks after the trigger, XRT provides only three bins in the X-ray energy range. As follows, XRT data are scaled to the GROND first two epochs by using a decay index of α = −1.3 ± 0.2, which is derived from the same XRT data over time. Swift/UVOT observed only in the uvw1 filter at these stages.
Modelling scheme
Early blue emission coming from the XRF position was detected by GROND. For data acquired 42.5 ks after the burst, we measured a colour g ′ − r ′ = −0.30 ± 0.06 mag, in contrast to the red afterglows that usually follow a GRB (photon index Γ in the range 1.2 -2.5). Similar observations were made by Cano et al. (2011b) , who found that this emission is incompatible with synchrotron radiation. The adiabatic cooling of the expanding atmosphere following the shock breakout gives us a reasonable explanation of the observed blue colours (e.g., Cano et al. 2011b) . In this scenario, the emission from the shock breakout lasts only a few hours after the core collapse and its SED resembles a blackbody at a high temperature of the order of 10 6 K (or 0.1 keV equivalently; e.g., Campana et al. 2006) . Thus, we interpret the blue colours in our observations as the thermal component associated with the cooling of the shock breakout, which is similar to what has been claimed for XRF 060218/SN 2006aj (Campana et al. 2006; Waxman et al. 2007 ) and other earlycaught SNe (e.g., Soderberg et al. 2008; Modjaz et al. 2009 Roming et al. 2009 . In contrast to the idea of a thermal component producing the observed emission, there are no significant contemporaneous detections of UVOT in the uvw1 bandpass, which alludes to high reddening. On the other hand, i ′ − J = 0.06 ± 0.15 mag measured at the same epoch appears to have an underlying additive red component, which is represented in this case by the GRB afterglow synchrotron emission (see Fig. 2 ).
To test this hypothesis, we modelled the SEDs at 42.5 and 50.0 ks (the latter shown in Fig. 2 ) using two additive components: (1) a power law for the afterglow, and (2) an ideal blackbody for the thermal component, respectively, of the forms
(1)
where C 1 and C 2 are normalisations, E is the spectral energy in units of keV, Γ is the photon index, k is the Boltzmann constant, T BB the intrinsic blackbody temperature, and z = 0.059 is the redshift (Chornock et al. 2010c) . The model also accounts Table 1 . Fits to broad-band spectra constructed using GROND and Swift/XRT data. 3.4 ± 1.7 24 Notes. The model consists of a blackbody plus a power law, both attenuated by optical/NIR reddening and X-ray metal absorption. for host-galaxy extinction based on either Milky Way (MW; R V = 3.08), Large Magellanic Cloud (LMC; R V = 3.16), or Small Magellanic Cloud (SMC; R V = 2.98) extinction laws and soft X-ray metal absorption. The Galactic metal absorption is fixed to be N H,Gal = 7.05 × 10 20 cm −2 (Kalberla et al. 2005) . The model has a total of six free parameters: 
Mpc
−1 (Riess et al. 2009 ), and the model of the local velocity field by Mould et al. (2000) .
The different set of parameters are summarised in Table 1 . All best-fit parameters are consistent between the two epochs within their statistical uncertainties between both epochs. The temperature T BB and luminosity L BB of the thermal component are in the range 78 -81 eV and 4 -7 × 10 47 erg s −1 from Cols. 4 and 5 of Table 1, respectively. The afterglow power-law photon index Γ ≈ 1.8 is shown in Col. 7. The reduced χ 2 (or χ µ 2 ≡ χ 2 /µ, where µ is the number of degrees of freedom) improves from 16.6 for the model without extinction to 2.7 for the model extinguished by MW-like dust. The best fit to the second SED epoch is shown in Fig. 2 with a thick grey line. The UV dust feature characteristic of the MW extinction law gives the more precise results, although it is poorly constrained at the bluer end. The X-ray tail of the blackbody fits the two data bins at around 1 keV, whilst the power law fits the only data point at ≈ 3 keV; both components contain significant absorption. We note that the fitting of the X-ray data has practically no residuals, i.e., the model over-predicts the data in this energy range.
In addition to the luminosity and temperature, it is possible to compute an apparent emission radius of the thermal component (R BB ) from these two measured quantities by assuming isotropic radiation from an ideal blackbody. For all our trial models, the corresponding radii were calculated as R BB = (4πσL
−1/2 , where σ is the Stefan-Boltzmann constant (Col. 6 of Table 1 ). Our best-fit parameters yield a radius of 3 -4 × 10 13 cm, which is two orders of magnitude larger than the typical sizes of the most likely GRB progenitors (WR stars; Cappa et al. 2004) .
The amount of metal absorption (estimated based on an equivalent hydrogen column density at solar metallicity) and dust extinction required for a good fit are N H,host ≈ 4 × 10 22 cm −2 and E(B − V ) host = 0.2 -0.4 mag, respectively. These two parameters are fitted independently and with no assumption being made about the environment gas-to-dust ratio. However, the available data is not enough to allow us to distinguish among the different extinction laws employed in the modelling procedure. Whilst the reddening is consistent with values found in previous studies (Starling et al. 2011; Cano et al. 2011b) , the hydrogen column density differs significantly from the results of Starling et al. (2011) . The discrepancy is due to the additional constraints provided by the optical/NIR data, which were included to derive the parameters of the blackbody contribution. With our data set it is possible to tie the thermal component at both low and high energies, which provides a more accurate value for the absorption by heavy elements because of the greater constraint on the X-ray flux.
Host-galaxy extinction
We then attempted to evaluate the constraint on the extinction value derived in the previous section. Contour plots of reddening against blackbody temperature, luminosity, and spectral index from the best fit to the data are shown in Fig. 3 , respectively. The 1σ and 2σ contours show that the solution to our best-fit relation is well-defined in all three panels. In the first panel there is a second solution to our best-fit relation at the 3σ level, which is at lower temperatures and similar reddening, although its significance is rather low. In the middle panel, the contours show a slight trend of proportionality between luminosity and extinction, which is expected. At luminosities higher than 1.1 × 10 48 erg s −1 , there is no possible solution, because the model becomes much brighter than the X-ray data and N H,host cannot be allowed to vary and compensate for the X-ray luminosity of the model. Contours of the variations in the reddening and spectral index are shown in the lower panel, where the extinction is again restricted to high values.
Analyses of optical spectroscopy of the host galaxy have found that the line-flux ratio of Hα to Hβ in the H ii region coincident with the SN position is consistent with zero extinction (Starling et al. 2011; Levesque et al. 2011) . Nevertheless, the A V,host ∼ 0 estimate from the spatially resolved spectroscopy of Levesque et al. (2011) probes a much larger region (≈ 1.3 kpc 2 ) than the one probed by our line of sight to the GRB-SNe. A sufficiently high dust clumpiness could explain our high extinction values along the line of sight and A V,host ∼ 0 when integrated over a larger patch. The position at which the hydrogen lines are formed, i.e., the H ii region, might be located in front of the explosion site and not probe the same line of sight through the host galaxy.
Alternatively a broken power-law model was fitted to the data in Fig. 2 for which χ µ 2 = 3.0, which is slightly larger than that of the model that consists of a blackbody plus power law. The broken power law provided a closer fit when we assume that there is no host-galaxy extinction, significantly different from our results for the blackbody plus power-law model. However, the low-energy spectral slope of β = +0.5 is incompatible with synchrotron radiation ( β max = +1/3; e.g., Sari et al. 1998) . Furthermore, the spectral break lies between the g ′ and the uvw1 bands at ν break = (8 ± 3) × 10 5 GHz, which is inconsistent with the self-absorption feature usually observed at radio frequencies (ν a ∼ 2 -13 GHz; Galama et al. 1998c; Taylor et al. 1998; Granot et al. 1999; Galama et al. 2000) . Given also that A V,host > 0.2 mag is derived in Sect. 3.1 and preferred by other authors (see next paragraph), the broken power-law model can be discarded with confidence. Additional evidence of large reddening along the line of sight inside the host galaxy was found by Starling et al. (2011) , E(B − V ) host ≈ 0.9 mag. The reddening was derived by fitting Swift/BAT+XRT data and a u-band 3σ upper limit provided by Swift/UVOT data in the interval from 638 to 737 s after the burst. We employed a model that consists of a blackbody plus power law extinguished by SMC dust. A similar method was used here and by Campana et al. (2006) , who determined E(B − V ) host = 0.20 for SN 2006aj. Another attempt at dereddening SN 2010bh was carried out by Cano et al. (2011b) , who found E(B − V ) host = 0.18 ± 0.08 mag by assuming that the colours of SE SNe are all the same ten days after the V-band maximum brightness (Drout et al. 2010) . Whilst this method is supported for the hydrogen atmospheres of type-IIP SNe by a line of physical arguments (e.g., Olivares E. et al. 2010) , it is entirely empirical for SE SNe. Nevertheless, their reddening value is larger than zero with a significance of 2.3σ and consistent with our calculations for our second-epoch SED of E(B − V ) host = 0.39 ± 0.03 mag at the 2.5σ confidence level.
After correcting for E(B − V ) host = 0.39 ± 0.03 mag, we obtained uvw1 = 18.15 ± 0.27 and u = 19.70 ± 0.45 mag in the AB system at 33 and 63 ks after the burst, respectively. For SN 2006aj (Campana et al. 2006) , these values were uvw1 = 17.73 ± 0.21 and u = 17.77 ± 0.15 mag at the same phase and redshift of SN 2010bh. If we had assumed that we should have seen a cooling envelope for SN 2010bh of comparable brightness and evolution as that shown by SN 2006aj, the host-galaxy extinction should have been higher than that estimated by our method. Nevertheless, the uncertainties are large and the comparison of the uvw1 measurements is consistent at the 1.2σ confidence level. Although in the u band the uncertainty is even larger, there is no consistency with the brightness of SN 2006aj at the 4σ confidence level and a higher host-galaxy extinction (A V,host ≈ 2.1 mag) would be required to reach the 1σ level of consistency.
In conclusion, we use the extinction value from the fit to the second-epoch broad-band SED throughout the paper, E(B − V ) host = 0.39 ± 0.03 mag for MW-like dust with R V = 3.08, given that compared to the first epoch the statistical errors in the g ′ r ′ i ′ z ′ J photometry are smaller and additional uvw1 photometry is available. Moreover, when fixing the host-galaxy reddening to E(B − V ) host = 0.39 mag, the quality of the fit to the first epoch is still acceptable ( χ µ 2 = 1.6), whilst the fit to the second epoch using E(B − V ) host = 0.21 mag from the firstepoch modelling results in χ µ 2 = 3.7 and unphysical parameters. Hence, values of host-galaxy extinction including the correction for redshift (K-correction based on the spectral model) for the GROND filters and their corresponding statistical uncertainty are A g ′ ,host = 1.50 ± 0.12, A r ′ ,host = 1.10 ± 0.09, A i ′ ,host = 0.80 ± 0.08, A z ′ ,host = 0.60 ± 0.06, A J,host = 0.39 ± 0.04, A H,host = 0.22 ± 0.02, and A K s ,host = 0.14 ± 0.01, all in units of magnitude.
Evolution of the thermal component
Having determined temperature, luminosity, and radius for the thermal component, it was then possible to study their evolution. Starling et al. (2011) analysed combined BAT+XRT data until 737 s after the trigger and derived blackbody temperatures, data that we used in the following analysis. Temperature and radius over time are shown in Fig. 4 . The decrease in temperature and the increase in radius are both trends that are consistent with the cooling of the envelope due to expansion and, thus, with the explosive scenario.
The temperature and radius of an expanding envelope that is cooling adiabatically have been theoretically shown to evolve as power laws Nakar & Sari 2010) . We therefore fit power laws to the decay and rise of temperature and radius to the combined data presented here and in Starling et al. (2011) . The expression T BB (t ) = T i − κt δ was fitted to the evolving temperature (solid line in the upper panel of Fig. 4 ), which gave a decay index of δ = 0.3 ± 0.2 for an initial temperature of T i = 0.17 ± 0.04 keV with χ µ 2 = 0.8, where κ is the normalisation of the power law.
A model of the form R BB (t ) = R 0 + υt γ was employed to fit the radius measurements. In the case of linear expansion, i.e., γ = 1, the radius grows at a mean velocity of υ ≈ 8, 000 km s −1 between BAT+XRT (until 737 s) and GROND observations (at 42 -54 ks after the burst). When γ was allowed to vary, we obtained a growth index of γ = 1.4 ± 0.3 and an initial radius of R 0 = (7.0 ± 0.9) × 10 11 cm with χ µ 2 = 1.1 (solid line in the lower panel of Fig. 4) . The resulting radius is slightly larger than the size of WR stars (∼ 10 11 cm; Cappa et al. 2004) , which are thought to be the progenitors of long-duration gamma-ray bursts and type-Ic SNe (Woosley et al. 2002) . Because of this, the initial emission radius of the thermal component might indicate the position at which a preexisting dense wind surrounding the progenitor becomes optically thin (e.g., Campana et al. 2006; Soderberg et al. 2008; Balberg & Loeb 2011) . From the theoretical point of view, it is γ = 0.8 ), although, the data do not favour this solution delivering χ µ 2 = 8 (dotted line in the lower panel of Fig. 4) .
For an assumption of adiabatic cooling, the luminosity must be constant and was fixed to L BB = 3.5 × 10 45 erg s −1 , value derived from early-time X-ray measurements (Starling et al. 2011) . Assuming the best-fit model for the radius evolution from the previous paragraph, we computed the evolution of the adiabatic temperature as
−1/4 , which is shown by the dashed line in the upper panel of Fig. 4 . This model is clearly inconsistent with our data set; however, it indeed shows consistency with the XRF 060218/SN 2006aj data set (grey crosses in the upper panel of Fig. 4 ; from Kaneko et al. 2007 ). Since the blackbody luminosity changes to 4 -6 × 10 47 erg s −1 in our late-time measurements, the assumption of a constant luminosity is invalid and inconsistent with the late-time temperature de-termination. This result implies that either the cooling is not strictly adiabatic for which energy injection from the inner core is needed, or T BB and L BB are overestimated by our modelling procedure, or underestimated by Starling et al. (2011) .
Multicolour evolution of SN 2010bh
We now present the entire GROND data set, which includes data in seven different bands covering the wavelength range from 380 to 2300 nm. Photometry was corrected for host-galaxy extinction computed at the end of Sect. 3.2. In addition, the afterglow component derived in Sect. 3.1 was subtracted from the data. Assuming a power-law decay for the optical afterglow with α = −1.3 ± 0.2 computed from the contemporaneous X-ray data, a flux and its corresponding uncertainty were derived from the power-law model fitted to the early SEDs for each epoch. We note however that typically α X α opt . The correction for the afterglow contribution is more significant at earlier times and in redder bands and it has a lower significance at around maximum brightness for all bands. Figure 5 shows the light curves in the optical g ′ r ′ i ′ z ′ and the NIR JH bandpasses. The g ′ r ′ i ′ z ′ J light curves show the usual pattern of SE SNe: the redder the filter, the later and broader the peak. The H band peaks a few days earlier than J, although given the large uncertainties, the time difference is insignificant. The K s band shows no credible detections in any of our observations down to limits in the range of 18.4 -18.9 mag (AB system) despite our observations covering the expected peak of the SN (10.5 -25.5 d after the burst). In the following section, we analyse our data of SN 2010bh, one of the best-observed GRB-SNe to date, and compare the light curve with those of other SNe connected to GRBs.
Optical and near-infrared light curves

Colour evolution
Six GROND colour curves are presented in Fig. 6 to analyse the colour evolution of SN 2010bh. Most colours show drastic evolution, where the cooling of the SN photosphere is evident as colours become redder. Non-significant variations over time are shown in r ′ − i ′ and J −H colours.
Comparison with SN 1998bw
To study the luminosity evolution of SN 2010bh to other SNe, we fit SN 1998bw templates derived from the publicly available UV BRI photometry (Galama et al. 1998b ) to each of our GROND filters. The process of compiling these templates from the observed light curve of SN 1998bw is based on Zeh et al. (2004) . Given their modus operandi, the NIR templates are inaccurate because they rely on an extrapolation of the UV BRI data. Therefore, the three epochs of JHK s data in Patat et al. (2001) were used to define the zero points of the flux scale. For all filters, it is assumed that the host-galaxy extinction of SN 1998bw is equal to zero (Patat et al. 2001; Clocchiatti et al. 2011 ). An analytical function was then employed to parametrise the SN 1998bw templates. Two of the seven template parameters represent the brightness and morphology of the light curve, the factors of luminosity k and stretch s, respectively. These were defined provided that k = 1 and s = 1 for SN 1998bw (Zeh et al. 2004 ). In addition, it was necessary to include a delay parameter t delay that acts by shifting the template linearly in time, i.e., as a time offset. The delay parameters that differ from zero do not necessarily mean that the onset of the SN is out of phase. Given that the early blue emission is inconsistent with the templates even after subtraction of the afterglow component derived in Sect. 3.1, an empirical power-law component was required (dashed in Fig. 5 ). The power-law slope was fixed to α = −1.3. Leaving α free did not improve the fit and different values of α only negligibly affected the stretch and luminosity factors derived for the SN component. Table 2 summarises the results of fitting the SN 1998bw templates and the empirical power-law to the GROND data. The overall fits are shown in Fig.  5 for each band using solid lines.
Luminosity factors listed in the first line of Table 2 , which include the uncertainty in A V,host , reflect differences between the colours of SN 2010bh and those of SN 1998bw. The g ′ band is as bright as SN 1998bw and, as a rough comparison, disagrees with the fainter B-band results from Cano et al. (2011b) at the 5σ confidence level after including the uncertainty in their extinction determination. Our r ′ i ′ luminosity factors are also larger than previously reported from optical photometry of SN 2010bh (k ≈ 0.4 -0.5; Cano et al. 2011b ) mainly owing to the use of a different extinction correction. There is certainly some intrinsic blue excess in the g ′ band, although the difference from the r ′ band of 40% has a rather large uncertainty of 13%. Higher luminosities at bluer wavelengths indicate that the photosphere has a higher temperature at its peak luminosity than that of SN 1998bw. Given that the expanding atmospheres of SNe cool down over time and SN 2010bh peaks about a week earlier than SN 1998bw in g ′ , it is a natural conclusion that it must be hotter at maximum brightness. It is also possible that a g ′ -band peak as early as 8 d after the trigger still contains a non-negligible contribution from the cooling shock breakout. We also note that the z ′ -band luminosity factor is much larger than in the other bands; it is brighter than SN 1998bw at the 3σ confidence level. After inspection of the spectra around maximum light presented by Bufano et al. (2011) , the Ca ii λ8579 emission line was found to contribute roughly 2 -4% to the continuum flux integrated in the z ′ -band sensitivity range (8254 -9528 Å). The contribution of this spectral feature is not enough to account for the excess of 45% in the z ′ band relative to the infrared. The discrepancy is therefore attributed to the systematical uncertainties introduced when extrapolating the U BVRI data from Galama et al. (1998b) to construct the templates of SN 1998bw. In summary, the luminosity of SN 2010bh is a factor 0.5 -0.7 fainter than SN 1998bw in optical r ′ i ′ bands and 0.6 -0.7 in NIR JH bands. We also note that at late times SN 2010bh fades more rapidly in the optical than SN 1998bw did, although the fluxes if the templates were extrapolated after ≈ t 0 + 60 d.
The stretch factors listed in the second line of Table 2 range from 0.6 to 0.8 and are at the low end of the GRB-SNe distribution (see figure 5 of Ferrero et al. 2006) . These are also consistent with the findings by Cano et al. (2011b) for SN 2010bh. The optical light curves are wider than the stretch factor suggests, or in other words, the stretch factor predicts later peak times for the optical light curves. To account for this, t delay shifts the templates to earlier times by about three days in g ′ r ′ i ′ , which means that the optical light curves of SN 2010bh peak even earlier than the stretch factor suggests. After the inclusion of the delay parameter t delay , the stretch factors now solely represent the width of the light curves and not the time of the maximum brightness compared to SN 1998bw. Moreover, peak times of roughly 8 -9 d in the g ′ r ′ bands (equivalent to the V in the Johnson filter system) corresponds to the earliest and fastest light curves of GRB-SNe observed to date (see table 2 of Richardson 2009).
Offsets in peak time, in our case represented by t delay , can be explained as the result of delayed black-hole formation (Vietri & Stella 1999) . In this scenario, the XRF might be triggered by the core collapse of the progenitor to a neutron star, soon after which accretion holds. The supernova would then occur after the further collapse of the neutron star into a black hole. The delay could be of the order of months or years or perhaps as short as hours (see Zeh et al. 2004) . Nevertheless, the time delay here is negative and it is much more plausible that the comparison of light-curve morphology to SN 1998bw may need more than two parameters to be accurate.
Fits of SN 1998bw templates were also employed to study the colour evolution of SN 2010bh in detail as presented in Fig. 6 , where the curves are shown without the empirical afterglow component. From the first two data points, it is clear from the g ′ − r ′ and g ′ − z ′ colours that there is a blue component that cannot be modelled by the templates and is interpreted as the shock breakout in Sect. 3.1. From these two colours, it is also possible to see that SN 2010bh becomes red faster than SN 1998bw did. The r ′ − i ′ and J −H colours remain roughly constant, which shows that the changes occur on a broader wavelength scale. The standard colour evolution from blue to red is shown by r ′ − z ′ and r ′ − J, which at late times evolve bluer and redder than SN 1998bw templates, respectively.
Comparison with SN 2006aj
We now compare results from optical data by Ferrero et al. (2006) , who used the same technique and templates to get the luminosity and stretch factors for SN 2006aj. They computed luminosity factors in the range 0.62 -0.76, which are approximately in the same range as SN 2010bh without considering the measurements in g ′ z
′
. Their stretch factors ranged from about 0.62 to 0.69, which makes the SN 2010bh optical light curves wider than those of SN 2006aj. In contrast to the definition of the stretch factor, namely that earlier peak times tend to correspond to a narrower light curve, peak times are earlier in the case of SN 2010bh. Whilst the BV photometry for SN 2006aj peaked roughly 9 and 11 d after the burst, respectively, the g ′ r ′ photometry for SN 2010bh peaks approximately 8 and 9 d after trigger, respectively. This supports the statement that SN 2010bh has evolved more rapidly than any other GRB-SNe, given that SN 2006aj had the fastest evolution until the discovery of SN 2010bh. The JH light curves of SN 2006aj (Cobb et al. 2006; Kocevski et al. 2007 ) are scaled to the luminosity distance of SN 2010bh for comparison. After the host-extinction correction, SN 2010bh turns out to be as bright as SN 2006aj in the NIR as well. Hence, SN 2010bh is similar to SN 2006aj in terms of light-curve shape and luminosity.
Bolometric light curve
The bolometric light curves of SNe are an essential tool for examining global luminosity features and enable us to compare with other SNe and theoretical models. However, it is difficult to obtain such a light curve because of the limited information at UV, infrared, and radio wavelengths. Only a quasi-bolometric light curve can be constructed by using a broad spectral coverage to derive a total flux that is then used as a proxy of the bolometric flux. To accomplish this task, we employed the wavelength range covered by our g ′ r ′ i ′ z ′ JH filters, i.e., from 350 to 1800 nm.
In the case of SN 2010bh, there are no UV constraints. In the following description, no attempts at correcting for the UV flux were made. By using the afterglow-subtracted g ′ r ′ i ′ z ′ JH photometry corrected for host-galaxy extinction, monochromatic fluxes for each bandpass were derived. Sets of three bandpasses were defined to interpolate their corresponding monochromatic fluxes using the Simpson's rule. The second-degree polynomial result of the interpolation was then integrated over frequency in the range of each set of bandpasses. Finally, the total flux in the range from 350 to 1800 nm was determined by adding up the integrated fluxes of all sets of bandpasses. The total flux is transformed to a quasi-bolometric luminosity using a distance of 240 ± 17 Mpc to the host galaxy of SN 2010bh (see Sect. 3.1 for more details). No attempts of extrapolation beyond the limits of the g ′ and the H bandpasses were made. Corrections for the NIR flux at late times were found to be the most significant. The data at t 0 +30.7 d (rest frame) were corrected for the H-band non-detection by assuming that the fraction of H-band flux compared to the total bolometric flux remains constant at 8% starting from t 0 +24.1 d. Similar corrections were performed for JH nondetections at 38.6 and 78.8 d after the burst under the assumption of a constant JH flux fraction of 27% at t 0 + 30.7 d. Results are shown in Fig. 7 along with quasi-bolometric light curves from SE and other GRB-SNe.
The analysis of the quasi-bolometric light-curve morphology yields a peak luminosity of 4.3×10 42 erg s −1 at about 8 d after the trigger (equivalent to M bol ≈ −17.87), i.e., approximately two times fainter and six days sooner than for SN 1998bw. Our luminosity is 16% higher than that computed by Cano et al. (2011b) , although consistent to within our 11% of uncertainty. Whilst the early peak of SN 2010bh correlates with its narrowness and low luminosity, this is the case for neither the entire GRB-SNe sample nor the local sample of SE SNe (Zeh et al. 2004; Richardson et al. 2006; Richardson 2009 ). The morphology of the light curve is similar to that of SN 2006aj (Pian et al. 2006) , although 21% fainter. The peak time also resembles that of the type-Ic SN 1994I (Richmond et al. 1996) , although SN 2010bh has a much wider light curve, which is 77% brighter at maximum. In terms of peak luminosity, SN 2010bh is similar to the broad-lined Ic SN 2009bb (Pignata et al. 2011) . It also underwent the most dramatic late-time decay in the sample, which implies that its envelope became rapidly optically thin to γ-rays. The last statement is supported by the extremely high expansion velocities measured for SN 2010bh of the order of 30,000 km s −1 (Chornock et al. 2010a) . Another clear feature is the sudden decrease in luminosity at around t 0 + 30 d, which contrasts with the smooth decay in the comparison SNe at similar stages. This indicates either that the atmosphere becomes rapidly optically thin or that the assumption of a constant NIR contribution after ≈ t 0 + 31 d underestimates the flux in the JH bands.
Physical parameters of the explosion
We followed the approach described in Valenti et al. (2008) to derive the physical quantities that characterise the explosion, i.e., we modelled the early and late light curves separately. The early-time phase corresponds to the photospheric regime for which the analytical model developed by Arnett (1982) has been adopted, initially used for SNe Ia and adapted to SE SNe (e.g., Taubenberger et al. 2006; Valenti et al. 2008; Pignata et al. 2011; Benetti et al. 2011) . At late stages, the atmosphere becomes nebular, i.e., optically thin, and the emitted luminosity is powered by the energy deposition of: (1) γ-rays from 56 Co decay, (2) γ-rays from electron-positron annihilation, and (3) the kinetic energy of the positrons (see appendix A in Valenti et al. 2008) . However, Maeda et al. (2003) noted that the two-component configuration leads to inconsistencies between Malesani et al. 2004 Galama et al. 1998b Pian et al. 2006) , the broad-lined Ic SN 2009bb (Pignata et al. 2011) , the type-Ic SN 1994I (Richmond et al. 1996) , the type Ibc SN 2008D (XRO 080109; Modjaz et al. 2009; Soderberg et al. 2008) , and the type-Ic SN 2002ap (Gal-Yam et al. 2002; Foley et al. 2003; Yoshii et al. 2003) .
the parameters derived from fitting the early and late light curves of SNe Ic, caused mainly by the model limitations in varying the γ-ray trapping over time. To enable low and high γ-ray trapping at early and late times, respectively, Maeda et al. (2003) divided the ejecta into a high-density inner region and a low-density outer region. The emission from the outer region dominates the total emission in the optically thick regime at early times, and that from the inner region, which has a higher γ-ray opacity, dominates in the nebular phase at late times. Here, we use the same procedure to model the g ′ r ′ i ′ z ′ JH quasi-bolometric light curve of SN 2010bh.
Given the model explained above, a total of four free parameters were used to fit the quasi-bolometric light curve of SN 2010bh: the total mass of 56 Ni produced in the envelope M Ni , the total ejecta mass M ej , the fraction of mass in the inner component f M , and the fraction of kinetic energy in the inner component f E . The kinetic-energy-to-ejected-mass ratio of the outer region was fixed by using its correlation with photospheric velocity at peak luminosity (Arnett 1982) 
This expression assumes that the density of the ejecta is homogeneous and that the inner component does not contribute to the emitted luminosity in the optically-thick regime. Since the photospheric velocity was not available directly from observations, the velocity measured by fitting P-Cygni line profiles was used as a proxy of υ ph . However, the envelope layer where the blue-shifted absorption line forms does not necessarily coincide with the position of the photosphere, as found when measuring different expansion velocities from absorption lines of different species. The spread can amount to several hundreds km s −1 (see Jones et al. 2009 for an example of type-II SNe). For the spectra of SN 2010bh, Chornock et al. (2010a) obtained velocities of about 35,000 and 26,000 km s −1 from the Si ii λ6355 feature roughly 21 and 6 d after the burst, respectively. Since there is no measurement at the time of maximum light, which is about 8 -9 d after the trigger, a range of expansion velocities was used in the modelling. Assuming that the photosphere lies at deeper layers than those where lines are formed and recedes in mass exposing deeper and slower layers, in the modelling we employed photospheric expansion velocities of 2.5, 2.8, and 3.1 ×10 4 km s −1 . Other physical and mathematical quantities such as opacity and integration constants were chosen to be the same as in Cano et al. (2011b) .
Our fitting procedure consisted of two steps. First of all, we modelled the data around maximum luminosity (5 < t − t 0 ≤ 30 d) using the Arnett's model, assuming that only the outer component contributes to the total luminosity at this stage. We then obtained M Ni,out and M ej,out . Secondly, we modelled the latetime data (t − t 0 > 30) using the nebular-phase components of Valenti et al. (2008) assuming that both the inner and outer regions contribute to the total emitted luminosity. Here, we fixed M Ni,out and M ej,out to the values obtained in the first step of the fitting procedure and only f M and f E were allowed to vary.
From the above modelling scheme, our best-fit parameters were M Ni,out = (0.135 ± 0.001)M ⊙ , M ej,out = 2.37 -2.90 M ⊙ , f M = 0.36 ± 0.04, and f E = 0.11 -0.15 for the three selected expansion velocities at the photosphere. All of these results combined together provided the total masses and energy of the explosion listed in Table 3 (statistical errors only). The 56 Ni mass is independent of the chosen expansion velocity at the photosphere, M Ni = (0.21 ± 0.03)M ⊙ , given that it is proportional to the luminosity. In contrast, since the ejected mass changes significantly, the weighted mean and the RMS of the results of the three models in Table 3 were employed to compute a fi- Table 3 . Physical parameters of the explosion with a varying expansion velocity.
25,000 0.135 ± 0.001 1.52 ± 0.05 0.36 ± 0.02 0.15 ± 0.03 0.21 ± 0.02 2.37 ± 0.10 1.85 ± 0.09 28,000 0.135 ± 0.001 1.70 ± 0.05 0.36 ± 0.04 0.13 ± 0.07 0.21 ± 0.03 2.64 ± 0.14 2.52 ± 0.22 31,000 0.135 ± 0.001 1.87 ± 0.06 0.36 ± 0.02 0.11 ± 0.02 0.21 ± 0.02 2.90 ± 0.12 3.37 ± 0.13 nal value of M ej = (2.60 ± 0.23)M ⊙ . The total kinetic energy and energy fraction were derived in the same way, implying that E k = (2.4 ± 0.7) × 10 52 erg and f E = 0.12 ± 0.02.
Using comparable independent data, Cano et al. (2011b) followed a similar procedure to derive physical quantities from quasi-bolometric data. Whilst our values for M ej are consistent with those in Cano et al. (2011b) to within 1.5σ, they found that M Ni = (0.10 ± 0.01)M ⊙ for SN 2010bh, which is two times lower than our value. The discrepancy affects the determination of the kinetic energy as well, which is connected in Eq. 3 to υ ph and M ej . The causes of these inconsistencies are: (1) the hostgalaxy extinction employed, which is E(B − V ) host = 0.39 ± 0.03 mag in our case and 0.18 ± 0.08 mag in Cano et al. (2011b) ; (2) the inclusion of an inner component hidden at optically thick stages, which increases the 56 Ni mass by a factor of f M ; and (3) the choice of different expansion velocities of the photosphere. Furthermore, even when including the uncertainties in the hostextinction determination, which are σ M Ni ∼ 0.02 both here and for Cano et al. (2011b) , the discrepancy persisted. Nevertheless, evidence for the existence of a dense inner layer of 0.94±0.15M ⊙ is provided and supported by the sub-luminous post-maximum phase of SN 2010bh, which is indicative of a high trapping of γ-rays.
The large amount of 56 Ni produced is consistent with the class of SN associated with GRBs, but also matches the value derived for the highly energetic type-Ic SN 2004aw , which in contrast had a much broader light curve that varied more slowly with time. Most interestingly, SN 2010bh resembles SN 2006aj in terms of light-curve shape. The 56 Ni mass produced in the explosion is practically the same , whilst the ejected mass is 20% higher for SN 2010bh and the total kinetic energy is significantly different (∼ 2 × 10 51 erg in the case of SN 2006aj). This ensures that SN 2010bh is remarkable in terms of expansion velocity, which has been one of the greatest ever measured (Chornock et al. 2010a ).
We note that the end of the optically-thick regime and the beginning of the nebular phase cannot be accurately defined. The rule of thumb is that the photospheric phase ends 30 d after explosion at the earliest and that the nebular phase starts 60 d after the explosion at the latest. Since Arnett's model fits our data relatively well until day 30, it is defined as the end of the optically-thick era. Nevertheless, we are unable to clearly establish whether the period between 30 and 60 d after the burst corresponds to the nebular phase already, as the ejecta are most probably neither completely thick nor sufficiently thin.
The model reproduces the luminosity at maximum brightness and thereafter, despite underpredicting the luminosity during the rising phase. This is because the light curve is dominated by shock-breakout emission at early stages. The same is obtained in Sect. 4, when trying to fit templates of SN 1998bw to our multicolour light curve, where an extra component for the shock breakout is required. The light curves of SN 2010bh peak so early that an even more rapid evolution than observed is expected after maximum luminosity. This early-wide peak dichotomy could be explained by the 56 Ni distribution in the envelope. If there were more 56 Ni produced near the surface, the peak would be early and wide, i.e., the SN would rise more slowly but much earlier. In contrast, if the 56 Ni were concentrated towards the centre, it would lead to a much later peak, although sharper rise, producing a narrower shape of the maximum (M. Bersten, 2010, private communication; Nomoto et al. 2010 ).
Conclusions
Spanning a time range from 12 hours to 83 days after the trigger and covering from 190 to 2300 nm in wavelength (see Sect. 2), we have presented UV/optical/NIR photometric data of XRF 100316D/SN 2010bh. Given the results introduced and discussed in Sect. 3, 4, and 5, we have drawn the following conclusions:
-Broad-band SEDs at early times demonstrate the existence of red and blue components identified as synchrotron emission from the XRF afterglow and the cooling envelope after shock breakout, respectively. -A significant amount of dust along the line of sight through the host galaxy (A V,host = 1.2 ± 0.1 mag) is consistent with the two-component SED model and agrees with the faint detections at UV wavelengths. -By comparing with earlier X-ray results from Starling et al. (2011) , we have demonstrated that the temperature of the blackbody component decreases with time, which is consistent with a scenario of a cooling expanding atmosphere. -By performing an additional analysis of the thermal component and the earlier X-ray measurements we have measured expansion velocities that are consistent with SN expansion and an initial apparent emission radius of 7 × 10 11 cm. This radius is slightly larger than the size of WR stars, which are the most likely GRB-SNe progenitors. If a WR star were the progenitor of XRF 100316D/SN 2010bh, then the initial radius could indicate that there was a massive dense stellar wind surrounding the progenitor. -Our multicolour light curves after host-galaxy correction and subtraction of the afterglow component, have peak r ′ i ′ luminosities of about 0.5 -0.7 times that of SN 1998bw and consistent with those of SN 2006aj. Similarly the NIR luminosity at maximum is as bright as SN 2006aj and 0.6 -0.7 times that of SN 1998bw. The excess in the g ′ band indi-cates that SN 2010bh has a hotter photosphere than that of SN 1998bw at the time of maximum brightness. -We have found that SN 2010bh is the most rapidly evolving GRB-SNe to date, reaching maximum luminosity 8 -9 days after the burst in the g ′ r ′ bands. At late times, it also fades more rapidly than SN 1998bw showing redder colours as well. This behaviour is also evident in the bolometric light curve, which decays faster than for any SN in the comparison sample.
-The physical parameters of the explosion are derived by means of the quasi-bolometric light curve constructed from our g ′ r ′ i ′ z ′ JH photometry. The modelling is performed using Arnett's model (Arnett 1982) for data around peak and standard γ-ray deposition at later times. A high-density inner component with roughly 26% of the total mass is required to reproduce the flux ratio between maximum luminosity and tail. The total mass of 56 Ni produced in the envelope is M Ni = 0.21 ± 0.03M ⊙ , which precisely matches the value derived for SN 2006aj, whilst the total ejecta mass of M ej = 2.6 ± 0.2M ⊙ exceeds the value for SN 2006aj by 20%. However, the kinetic energy turns out to be higher at E k = (2.4 ± 0.7) × 10 52 erg, making SN 2010bh the second most energetic GRB-SN after SN1998bw.
The association between XRF 100316D and SN 2010bh is particularly interesting, since for the second time the cooling of the shock breakout has been detected in a GRB-SN. It is also unique in revealing a hot component that possibly contributes even at blue maximum brightness, one of the largest host-galaxy extinctions measured for this kind of transient, and the fastest rise among GRB-connected SNe.
